Introduction
Tumors develop and progress within co-evolving microenvironments that affect both the fate of the tumor and its drug sensitivity. Response to drugs may be overestimated on 2-dimensional (2D) cultures, and the discrepancy between pre-clinical findings and clinical outcomes can also be attributed to the failure of conventional 2D models. [1] [2] [3] [4] 3D culture models closely reproduce tumor within its microenvironment, recapitulating tumor-stroma interactions and signaling. [1] [2] [3] [4] Multiple myeloma (MM) is a paradigm of tumor-stroma inter-dependence, as it develops almost exclusively within the bone marrow (BM), [5] [6] [7] [8] where MM cells establish tight contacts with the stroma, that in turn delivers pro-survival, anti-apoptotic signals and confers drug resistance. 9 Accordingly, new drugs, including proteasome inhibitors, have been developed to target both MM cells and their BM microenvironment. However, the disease remains incurable predominantly due to development of drug resistance. Along this line, 3D models of MM cells inside their microenvironment to test the impact of drugs in a relevant human context have been recently described. [10] [11] [12] [13] We have previously contributed to 3D models for MM exploiting the Rotary Cell Culture System (RCCS TM ) bioreactor technology. By providing a balance between increased mass transfer and reduced shear stress, this dynamic bioreactor generates optimal conditions for longterm ex vivo maintenance of tissue explants. [14] [15] [16] Specifically, we have shown that the model preserves, for extended time periods, the morphological and functional features of MM tissue components as well as their sensitivity to drugs. 16 The aim of the present study was to recreate a surrogate 3D MM microenvironment able to reproduce the functional interactions of the native MM BM. We developed a robust technology, based on the integrated use of cellrepopulated scaffolds and the RCCS TM bioreactor. We demonstrate that our model simulates crucial MM features, in particular BM-MM dynamic interactions and MM survival/proliferation, thus providing a reliable tool to test the impact of drugs on MM cells inside their microenvironment.
Methods

Cell lines and primary cells
Human MM1.S, U266 and RPMI.8226 MM cell lines, HS-5 BM stromal cell line and murine L-fibroblasts transfected with human VCAM1 (L-VCAM) and their wild-type (wt) counterpart were maintained in DMEM or RPMI 1640 plus 10% fetal bovine serum. BM aspirates from MM patients were collected after written informed consent and ethical approval from the Institutional Review Board; primary MM cells from 7 newly diagnosed patients and one relapsed, and BMSC were obtained (see Online Supplementary Methods). Endothelial cells (HUVEC) were propagated as described. 17 Osteoblasts were differentiated from BMSC (see Castrén et al. 18 and Online Supplementary Methods).
Scaffold preparation and culture in RCCS TM bioreactor
Scaffolds were generated as in Figure 1A in bioreactor (see Ferrarini et al. 16 
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was performed using the following mAbs: anti-β1integrin/CD29 (BioLegend), followed by ALEXA-488-conjugated goat anti-mouse antibodies (Invitrogen); FITC-conjugated anti-VLA4/CD49d; PEconjugated anti-VCAM-1/CD106, PC7-conjugated anti-CD38 (both from BD-Pharmingen).
Response to drugs
Bortezomib (Velcade ® , Millenium Pharmaceuticals) was used at 10 nM for 24-48 hours (h), melphalan at 1.2 nM for 72 h, dexamethasone at 20 nM for 48 h; IL-6 (R&D Systems) at 10 ng/mL. The anti-VLA-4 mAb natalizumab 19 was used at 10 mg/mL. Cells were stained with anti-CD38 mAb and Annexin-V (BD-Pharmingen) for flow cytometric analysis. 
Adhesion assay
Western blot analysis
Western blot analysis was performed as described in the Online Supplementary Methods with polyclonal anti-pAkt (against S473, R&D Systems), monoclonal anti-pan-Akt (clone C67E7, CellSignaling Technology), anti-β1integrin mAb (abcam), anti-β-actin mAb (Santa Cruz Biotechnology), anti-STAT3/p-Stat and survivin (abcam). Proteins were quantified by ImageJ software.
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Scanning electron microscopy analysis
Scaffolds were fixed in 2% glutaraldehyde, post-fixed in 1% OsO4, dehydrated and then sputter coated with gold. Samples were examined by FEI/Philips XL-30 SEM (FEI, the Netherlands).
Determination of soluble factors and metallo-proteasic activities in supernatants β2-microglobulin concentration was determined by immunonephelometry. Angiopoietin-2 (Ang-2), VEGF, FGF and IL-6 levels were quantified by ELISA (R&D Systems). IL-1β,IL-8/CXCL-8 and TGF-β concentrations were determined by Bio-Plex Multiple-Cytokines Assays (Bio-Rad). 21 MMP-2 and MMP-9 activities were assessed through Zymography. 16 
Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) 22 was performed using probes for the detection of trisomy 12, deletions of 11q22.3 3D reconstructed myeloma microenvironments haematologica | 2018; 103 (4) 709 
Statistical analysis
Statistical analysis was performed using Student t-test or oneway ANOVA. *P≤0.05; **P≤0.01; ***P≤0.001.
Results
Generation of a functional MM 3D microenvironment in RCCS
TM bioreactor requires supportive stroma 3D reconstruction of a surrogate MM microenvironment was based upon the proper combination of a scaffold and stromal cells, according to the procedure depicted in Figure 1A . As scaffold we used a commercially available gelatin biomaterial, which was selected according to several parameters (Online Supplementary Figure S1 ), including efficiency of cell seeding and recovery, and especially its ultrastructure, resembling that of adult bone ( Figure 1B ). An efficient scaffold seeding with either the HS-5 cell line or HUVEC was achieved in the RCCS TM bioreactor, as indicated by the overall number of viable recovered cells upon 18 h 3D culture ( Figure 1C ). As a final step, MM cells were added to the bioreactor vessels ( Figure 1A ) resulting in the successful formation of a homogeneously populated, dense construct where both tumor cells and stroma conserved lineage specific markers ( Figure 1D) . We established our model with MM1.S and RPMI.8266 MM cell lines. These cell lines differ remarkably in the expression of β1-integrin and very late antigen-4 (VLA-4) ( Figure 2A ) which, through the interaction with its ligand VCAM1, is involved in MM adhesion to BM stroma. 23 As a result, adhesion to HS-5 or L-VCAM transfectant parallels these differences ( Figure 2B (nude scaffold) of stroma; this was particularly evident with MM1.S cells ( Figure 2C ). Accordingly, immunohistochemistry (IHC) indicated that both MM1.S and RPMI.8266 cells entered, were homogeneously distributed and proliferated inside the scaffolds, prevalently when pre-seeded with the HS-5 stromal cell line ( Figure 2D ). Other cell types within the MM BM microenvironment, including endothelial cells and osteoblasts, are increasingly recognized as participating in MM pathogenesis and progression. 12, 24 We then exploited our system to model MM cells-HUVEC and MM cells-osteoblasts co-cultures. The latter were obtained through bone differentiation of BMSC, as reported. 18 Upon culture with osteogenic differentiation medium, BMSC underwent morphological changes, increased mineralization and acquired Alizarin staining (Online Supplementary Figure S2A-C) . Moreover, parallel cultures performed with differentiated BMSC in 2D and, particularly in 3D conditions, showed alkaline phosphatase release (Online Supplementary Figure S2D) . Notably, scaffolds seeded with bone differentiated BMSC and with CD31 + HUVEC also supported MM cells homing and permanence ( Figure 2D , right panels).
Development of intimate cell-cell contacts between MM cells and microenvironment was visualized at scanning electron microscopy analysis ( Figure 2E , middle panel) showing that MM cells acquired a flatter morphology over the stroma, consistent with the induction of adhesion-mediated cytoskeletal rearrangement. Conversely, MM cells exhibited a round shape with few contact points over nude scaffolds ( Figure 2E, left panel) . Interestingly, the entire 3D cell surface of some MM cells was embedded when HUVEC were used as stroma, suggesting that cell-cell interactions may dynamically evolve upon contacts ( Figure 2E , right panel). The recapitulated physical interactions resulted in the activation of pro-survival signals, as indicated by up-regulated Akt phosphorylation in MM cell line-stromal cell co-cultures in 3D compared to 2D co-cultures ( Figure 3A and B) ; instead, pAkt expression was negligible in isolated HS-5 cells. Similarly, the expression of survivin was also increased in 3D co-cultures ( Figure 3A) . 25, 26 Specialized functions of both MM cells and stroma were detectable in culture supernatants, including β2-microglobulin ( Figure 3C ) and growth factor release. The latter varied according to the stromal elements coating the scaffolds: Ang-2 was related to the presence of HUVEC, 20 while IL-6, VEGF and FGF were detectable in all co-cultures ( Figure 3D ).
Response to anti-myeloma drugs of MM cell lines inside the surrogate microenvironment
Tumor-stroma interactions affect MM cell behavior, including survival and drug resistance. The latter is induced via two overlapping pathways, i.e. soluble factor-3D reconstructed myeloma microenvironments haematologica | 2018; 103 (4) 711 
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mediated drug resistance (SFM-DR) and cell adhesionmediated drug resistance (CAM-DR). 27, 28 To assess the impact of 3D microenvironment on bortezomib sensitivity, we performed parallel experiments in 2D versus 3D using HS-5 cells as stroma. Co-culture of MM1.S with HS-5 cells in 2D conditions conferred higher resistance to bortezomib, compared to MM.1S alone ( Figure 4A, left) . Significantly, resistance to bortezomib was even more evident when MM1.S were cultured with HS-5 cells in bioreactor, underscoring the role of 3D architecture per se in determining the impact of drugs (Figure 4A, left) . The protective effect exerted by HS-5 cells was negligible with the RPMI.8226 cell line ( Figure 4A, middle) , in agreement with their reduced adhesion to stroma ( Figure 2B ). Protection conferred by HS-5 cells was not restricted to bortezomibtreated MM1.S since it was also observed with other cell lines (bortezomib-treated U266) ( Figure 4A , right) and other drugs (melphalan) (Figure 4B ), particularly in 3D conditions.
HS-5 cells in principle can provide both mechanisms of drug resistance, since they release consistent amounts of IL-6 ( Figure 3D ) and serve as support to MM cells. Among tumor-stroma cell-cell interactions, we addressed as a paradigm the VLA-4/VCAM1 molecular pathway, which is considered to play a central role. 27, 28 In experiments performed in 2D conditions, primary VCAM1 + BMSC (Online Supplementary Figure S3A ) from MM patients promoted adhesion at least in part via the counter ligand VLA-4 (Online Supplementary Figure S3B) , as demonstrated by inhibition experiments with the specific α4 blocking antibody natalizumab, 29 and accordingly conferred to MM1.S cells higher resistance to bortezomib compared to the VCAM1 negative HS-5 cell line (Online Supplementary Figure S3C) ; the release in culture supernatants of β2-microglobulin and of lactate dehydrogenase (LDH), the latter bona fide expression of bortezomib cytotoxicity, paralleled this response (Online Supplementary Figure S3C) .
We then modeled the VLA-4/VCAM1 pair using the murine fibroblast L-VCAM transfectant ( Figure 4C ). The capability of VCAM1 expressed by the transfectants (Online Supplementary Figure S3A ) to engage specific interactions was demonstrated by inhibition experiments
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( Figure 4D ). Accordingly, the protection conferred by L-VCAM1 was highly significant in both 2D and 3D conditions, particularly in the latter ( Figure 4C ). Finally, the involvement of soluble factors in promoting drug resistance in our system was investigated using the well-described model of dexamethasone-treated MM1.S cells, where IL-6 is recognized to exert a protective effect. 30 As reported, 27 the cytokine specifically triggered STAT3 pathway in MM1.S cells, as indicated by western blot analysis and inhibition experiments with the anti-IL-6R monoclonal antibody tocilizumab (TCZ) (Online Supplementary Figure S4A) , and also protected MM1.S cells from dexamethasone-induced death ( Figure 4E ), both in 2D and in 3D conditions. To further support this finding, a viability assay was performed (Online Supplementary  Figure S4B) , showing that IL-6 significantly reduced the inhibitory effect of dexamethasone.
3D culture supports primary MM cells survival and functions
Isolated primary MM cells outside their native microenvironment do not survive. We exploited our model using primary MM cells from patients, with the major aim of promoting their survival. We took advantage of MM BM stroma and HUVEC onto which primary isolated CD138-MM cells were seeded and cultured in bioreactor for up to seven days. In the resulting constructs viable MM cells could be identified which retained the expression of lineage-specific markers as well as light chain production ( Figure 5A ). To address the role of cell-cell interactions, we compared the expression of β1 integrin in 2D and 3D parallel experiments. β1 integrin was up-regulated in scaffolds, and this upregulation was paralleled by downstream Akt phosphorylation ( Figure 5B ). STAT3 phosphorylation was also increased in 3D compared 2D co-cultures and could be attributed almost exclusively to MM cells ( Figure 5C ). Accordingly, when primary MM cells from 7 newly diagnosed patients were co-cultured with a pool of allogeneic BMSC plus HUVEC, the number of cells retrieved from the scaffolds at the end of culture matched the input number ( Figure 5D ), at variance with parallel 2D co-cultures. Moreover, both MM cells and stroma retained their specialized functions, as indicated by β2-microglobulin and soluble factors released in the supernatant from 3D reconstructed myeloma microenvironments haematologica | 2018; 103 (4) 713 
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the co-cultures ( Figure 5E ), recapitulating the native BM microenvironment. 31 Of note, cytokine concentrations were significantly higher in 3D than in 2D conditions ( Figure 5F ).
Impact of bortezomib on a 3D culture of primary MM cells and stroma
We next investigated whether our reconstructed model was suitable to assess sensitivity to bortezomib of primary MM cells within their microenvironment. To this aim, we performed parallel cultures in bioreactor in the presence/absence of bortezomib, using primary MM cells obtained from 6 patients. Scaffolds were coated with primary MM BMSC and HUVEC to better approximate the native microenvironment. 12 After 48 h MM cells were retrieved from scaffolds and submitted to FACS analyses. Bortezomib-induced death, which varied among patients, could be determined as percentage of CD38 + AnnV + MM cells ( Figure 6A and B) . Bortezomib cytotoxicity could also be evaluated by IHC, showing down-modulated expression of CD138 antigen in caspase-3 + MM cells undergoing apoptosis 32 ( Figure 6C ) and through the assessment of specialized functions. In particular, MMP-2 and MMP-9 activities ( Figure 6D ), as well as Ang-2 and IL-6 concentrations ( Figure 6E ), significantly decreased in supernatants from bortezomib-treated scaffolds, underlining the impact of the drug also on stroma.
3D culture supports proliferation of an in vivo expanding MM clone
Multiple myeloma cells from 6 patients analyzed survived in 3D culture. In an additional case, primary MM cells not only survived but also significantly proliferated in 3D cultures, but not in parallel 2D conditions ( Figure  7A ). MM cells were obtained from a patient who initially achieved a very good partial response (VGPR) upon treatment with bortezomib-thalidomide-dexamethasone (VTD) but rapidly progressed to terminal plasma cell
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haematologica | 2018; 103(4) Figure  7B ). At progression, a BM biopsy was performed and MM cells were cultured in bioreactor ( Figure 7B ). MM cell proliferation was confirmed by the high frequency of Ki67 + cells at IHC analysis of the scaffold, which mirrored that observed in the BM biopsy ( Figure 7C ) and was paralleled by β2-microglobulin levels in supernatants ( Figure 7A ). Given the unique proliferative behavior of the patient's MM cells, we compared genomic changes occurring over time in vivo and ex vivo. FISH analysis performed on MM cells retrieved at the end of 3D culture identified cells carrying the 13q14.3 deletion; no deletions of ATM or p53 loci could be detected ( Figure  7D , upper panels), nor IGH rearrangements, indicating the absence of the t(4;14) translocation. Cells expressing the 13q14.3 deletion represented 46% of all MM cells at the beginning of culture and became 70% after 14-day 3D culture (Figure 7E ), suggesting that this clone preferentially proliferated in bioreactor. Accordingly, few spontaneous metaphases, which are extremely rare in MM samples, could be observed in 3D culture and they all presented the deletion ( Figure 7D, lower panel) . Notably, at diagnosis, 96% of MM cells carried the 13q14.3 deletion and 46% co-expressed the t(4;14) IGH/FGFR3 translocation, consistent with the reported frequent association between the two cytogenetic lesions. [33] [34] [35] After an initial tumor burden reduction in response to VTD, MM cells with the 13q14.3 deletion, but not those also carrying the t(4;14) translocation, progressively expanded in vivo, ultimately representing the whole population in PCL cells ( Figure 7E ).
Discussion
The availability of suitable models that recapitulate the complex tumor-host interplay is central to understanding cancer biology and developing appropriate treatments. This is especially true in MM, 36 where MM-BM interactions are crucial to disease progression and responsiveness to drugs. 7, 8 We here show that our ex vivo 3D co-culture model in bioreactor meets the requirements of recapitulated MM-BM dialogue, permanence and survival of primary MM cells for an extended time period, thereby also incorporating the temporal dimension. The model relies on the integrated use of a gelatin scaffold seeded with tumor cells and stroma and the RCCS TM bioreactor technology. Scaffolds are a key component for the reconstitution of MM microenvironment as they provide cells with mechanical support; [37] [38] [39] we selected a gelatin biomaterial that allows morphological investigations and also mimics 3D ultrastructure of MM BM. Stroma is required to achieve ex vivo cell seeding efficiency and to re-create tumor-stroma contacts and signaling, both with MM cell lines and primary MM cells. Overall, the construct reproduces the tumor-stroma 3D 'dynamic reciprocity' 40 which is lost in conventional 2D co-culture. Both MM cells and stroma retain the expression of lineage specific markers as well as their specialized functions, including the release of β2-microglobulin, cytokines and growth factors, thus recapitulating the profile of the native BM. 29, 31 The model was established with MM cell lines and successfully applied to primary MM cells. Notably, primary MM cells from patients survived for up to seven days when cultured inside scaffolds. We used as stroma primary allogeneic BMSC from MM patients which possess the repertoire of adhesion molecules and have been previously validated for the reconstruction of an MM BM niche. 12 Given the high flexibility of our model, the contribution of additional cellular elements of MM microenvironment can be addressed. As an example, the engagement of intimate EC-MM contacts inside the scaffold, documented by morphological and functional analyses, indicates that the system is suitable to elicit and study dynamic EC-MM targetable interactions. Moreover, the feasibility of co-culturing MM cells and bone-differentiated BMSC underscores the potential to fulfill the unmet need for a model to study the relationship between MM progression and bone disease. 41 Finally, development of repopulated scaffolds could be further exploited to address the contribution of circulating MM cells in humanized in vivo scaffold-mouse models. 42 Multiple myeloma-BM functional interactions and down-stream signaling are promoted inside our surrogate microenvironment. Indeed, higher levels of pAkt, pSTAT and survivin are more appreciable in 3D than in 2D culture with both MM cell lines and primary MM cells, mimicking the activation of pro-survival signaling pathways in MM cells from patients. 25, 43, 44 Akt pathway is crucial for MM survival and drug resistance, and has been proposed as a promising target for future molecular-based therapies. 43 Tumor-stroma interactions are considered a major determinant in drug resistance in MM via the release of soluble factors and cell-to-cell adhesion. Our data on the protective effect of stroma against bortezomib-induced apoptosis are consistent with the induction of CAM-DR; in this regard, experiments conducted with the L-VCAM transfectant indicate that the system can be exploited to model and elucidate specific molecular interactions. The additional contribution by 3D culture further supports the importance of tissue architecture per se in drug resistance. The achievement of a construct where MM cells survive via the establishment of proper 3D interactions with a compliant microenvironment is a prerequisite to test the impact of drugs in a relevant human context. Accordingly, the impact of bortezomib on primary MM cells and their microenvironment could be assessed by means of FACS and IHC analyses, and also through determination of specialized functions in supernatants. In particular, the decrease of Ang-2 can monitor the cytotoxic effect of the drug on EC, 45 while variations in IL-6 and MMP-2/-9 activities may result from disruption of MM-stroma interplay. 7, 9 The dissection of clonal dynamics during disease progression and in response to therapy is increasingly emerging as a central issue of MM investigation. 34, 35 In a patient with high-risk MM, sequential BM sampling allowed the evolutionary path to be defined along the clinical course. Two sub-clones co-existing at diagnosis initially responded to first-line therapy; subsequently, only one evolved over time. Significantly, the bioreactor culture could anticipate the expansion of the same clone. These data suggest that, in selected cases, the model can be exploited to monitor the dynamics of clones inside the whole MM cell population, and possibly to identify new potential targets.
Altogether, our findings indicate that 3D dynamic culture of reconstructed human MM microenvironments in RCCS TM bioreactor may represent an important platform for drug testing and the study of tumor-stroma molecular interactions.
